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ABSTRACT
This report describes work performed on Contract 9525^ 7, Part II,
to investigate the effect of various process parameters on the
performance of lithium doped P/N solar cells. Effort was concen-
trated into four main areas: 1) the starting material, 2) the
boron diffusion, 3) "the lithium diffusion, and )^ the contact system.
Investigation of starting material primarily involved comparison
of crucible grown silicon (high oxygen content) and Lopex silicon
(low oxygen content). In addition, the effect of varying growing
parameters of crucible grown silicon on lithium cell output was
investigated.
The objective of the boron diffusion studies was to obtain a
diffusion process which produced high efficiency cells with
minimal silicon stressing and could scaled up to process 100 or
more cells per diffusion. BC^ ,, both with and without 0_ was inves-
••"igated. In both ambients low stresses were achieved. BC£_ without
Op provided the highest output, with cells averaging around 30 mW,
or 3 to ^  mW higher than cells fabricated using BCjL with Op. Neither
process has been developed to the point of being able to uniformly
diffuse large quantities.
Modification of the BCjL diffusion without 0 in order to reduce
stresses resulted in significantly higher output for cells fabri-
cated from Lopex silicon. Cells with outputs ranging from 26 to
to 33 mW (9.5 to 12. J$ efficiency) can now be fabricated from either
Lopex or crucible grown silicon.
Contact studies included investigating sintering of the TiAg contacts
and evaluation of the contact integrity. In most cases sintering
improved the cell output 1 to h mW; typically cell outputs ranged
from 29 to 35 niW after sintering. Humidity testing and contact peel
tests showed that soldered TiAg contacts on lithium doped P/M cells
can withstand 500 grams pull (normal to the cell surface) both before
and after humidity exposure.
This report contains information prepared by Heliotek, Division of
Textron Inc., under JPL subcontract. Its content is not necessarily
endorsed by the Jet Propulsion Laboratory, California Institute of
Technology, or the National Aeronautics and Space Administration.
SUMMARY
Work in this program was aimed at refining the fabrication pro-
cesses necessary to produce high efficiency lithium doped P/N
cells that would demonstrate radiation resistance in excess of
that obtained for state-of-the-art N/P cells. Both crucible
grown and oxygen lean (Lopex) silicon were studied, and cells
fabricated from both types of silicon exhibited outputs ranging
from 26 to 33 mW (9.7 to 12.1$ efficiency) with 80$ having out-
puts above 28 mW (10.5$ efficiency). When sintered the cell
outputs increased, ranging from 29 to 35 tnW (10.9 to 13-1$
efficiency).
Studies were made to evaluate the best technique for performing
boron diffusions. It appears from our work that a boron diffusion
employing BC^_ with nitrogen yields a higher efficiency cell than
BCjfco with oxygen even though the latter process gives a stress
free cell.
Investigations of the BCj£_ with nitrogen diffusion schedule showed
that a short deposition step, of the order of two minutes, yielded
a diffused blank with minimized stress. Using this short deposition
time allowed cells up to 2 x 6 cm to be successfully fabricated
using a BCj£_ and nitrogen diffusion. Because of the short deposi-
tion time chemically polished rather than lapped blanks must be
employed, since there is little, if any, etching of the silicon
surface. The main unresolved problem involves developing a
diffusion technique that will allow large numbers (100-300) of cells
to be made in one diffusion run.
Our data indicates that either Lopex or crucible grown silicon may
be used to fabricate high efficiency P/N lithium solar cells,
thus allowing more flexibility in the choice of cells for various
types of mission environments.
The short boron deposition step yielded lithium cells that had
higher (10 to 15$) and more uniform (6 to 8 mA spread rather than
ii
10 to l6 mA) short circuit currents. In addition <111> oxygen
lean material exhibited outputs comparable to <100> crucible grown
silicon. Since significantly lower short circuit currents and
outputs had previously been obtained with <111> oxygenr lean
silicon, it would appear that the <111> oxygen lean material has a
lifetime which is much more sensitive to diffusion stress.
Techniques of applying lithium to the cells for diffusion were
evaluated, and it appears that evaporation of lithium would lend
itself to a large volume manufacturing process. Studies indicate
that the evaporation technique yields a superior cell from the
standpoint of radiation resistance.
During Part I of this contract, the highest initial as well as
recovered outputs were obtained with 20 ohm cm crucible grown
cells lithium diffused 8 hours at 325°C. However, radiation work
had shown that this diffusion schedule produced significant cell-
to-cell variation in radiation recovery characteristics. Thus
various lithium diffusion schedules were evaluated with the
emphasis on shorter diffusions without a drive-in step. Tempera-
tures between 3^ *0 and 380°C and diffusion times between 3 and 7
hours were evaluated. The cells fabricated did not exhibit a
significant dependence in output on diffusion time and temper-
ature in this range.
Preliminary work on the effect of sintering the standard Ag-Ti
contacts indicates that this process may enhance the cell's output
in certain cases. However, more work is necessary before a
definitive answer can be obtained.
iii
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INTRODUCTION
It has been fairly well established that the introduction of lithium
in the proper concentration and distribution results in a solar cell
2) 3)that has improved radiation resistance. Since the precise
mechanism for post radiation annealing was not well understood, the
emphasis for work in the area of lithium diffused P/N solar cells
concentrated primarily on using the cell as a vehicle to obtain
information on the behavior of lithium in silicon. In light of the
potential advantages of the lithium cell it is now necessary to con-
centrate some attention to the task of fabricating in a reliable and
economical fashion high efficiency lithium P/W solar cells that
demonstrate improved radiation resistance characteristics.
This program was designed to investigate the effect of various process
parameters on lithium doped solar cell performance. It seemed logical
to concentrate our efforts into four main areas: (l) the starting
material, (2) the boron diffusion, (3) the lithium diffusion, and
the contact system.
Since it is known that the recovery characteristics of lithium doped
cells involves the interaction of lithium and oxygen in the silicon
crystal efforts were devoted to studying the difference between crucible
grown silicon and low oxygen content silicon (Lopex) .
The boron diffusion presented a variety of problems to be solved.
It was necessary to develop a process which (l) did not damage the
silicon, (2) reduced significantly the diffusion induced stress,
(3) allowed large area (2x6) cells to be uniformly diffused, and
could be used for large volume production.
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Our investigations of the lithium diffusion process centered about
techniques for applying the lithium and a study of lithium diffusion
time and temperature parameters necessary to optimize the cells for
greatest initial and post-irradiation efficiency.
A relatively brief examination was made of the standard silver-
titanium contact system. This work involved a study of the effects
of the lithium processing upon the mechanical and environmental
integrity of these contacts.
Since the effects of lithium cell design on radiation resistance
could not .be readily predicted, our initial approach was primarily
empirical in nature. As the contract progressed, additional infor-
mation from pre and post irradiation analysis of cells having various
lithium diffusion schedules, was obtained and this was utilized to
systematically improve the cell design with respect to initial
efficiency, radiation recovery, and reproducibility. The base line
for our program was the cell that had been developed in the previous
program. Care was taken to avoid introducing more than one process
variation at a time to avoid ambiguous results. Each new variation
established a more advanced baseline and as a result of this approach
we were able to fabricate lithium doped P/N solar cells with AMO
efficiencies of up to 12.8 percent. In addition we were capable of
pointing out even more new areas of work that should result in further
improvement in cell efficiency, uniformity, and cost.
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2.0 TECHNICAL DISCUSSION
2.1 Background
Improvements in lithium cell output made from 1966 through
were primarily due to changes in the lithium diffusion parameters
and the starting material. During the initial work (1966 to 19^ 7)
float zone silicon was used and lithium diffusion temperatures ranged
from 350 to 500°C. The lithium concentration gradients were very steep,
causing cell instability as exhibited by shelf-life degradation and
redegradation of cell output after post irradiation recovery. Reduction
of the lithium concentration gradient across the slice by redistribution,
cycles (removal of the excess lithium from the cell surface and further
heating of the cell to move the lithium deeper into the slice) minimized
cell instability and improved output.
Discovery in 1967 of the recovery capabilities of lithium doped solar
cells fabricated from crucible grown silicon led to extensive inves-
5)tigation in this area. Although retarded at room temperature,
post irradiation recovery rates equivalent to those obtained with low
oxygen concentration lithium cells were observed when the cell temper-
ature was raised to between 60 and 100°C. In June 19^ 9 the output of
crucible grown lithium cells was typically about 2 mW higher (28.3 vs.
26.5 triW) than similarly doped float zone lithium cells.
Investigation of lithium diffusion at 325°C resulted in further improve-
ment in cell output. Crucible grown lithium cells diffused eight hours
at 325°C averaged 2 nM higher output (30.0 vs. 28.3 nW) than those
diffused 90 minutes and redistributed 120 minutes at U25°C.
During this program various processes in the fabrication of lithium
doped P/N cells were investigated in order to further improve cell
output, develop procedures which could be used for production quan-
tities, and show capability of meeting basic requirements for space
quality cells.
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2.2 p/N Junction Diffusion Studies
2.2.1 Background
The lithium cell differs from a normal P/N cell in that two distinct
diffusion steps are performed, the first designed to form the junction
and the second to produce the proper lithium concentration and dis-
tribution. It is the latter diffusion that is responsible for the
cell's unique behavior under irradiation and its potentially higher
efficiencies. However, it would appear that the key to higher
efficiencies is the junction forming diffusion. The boron diffused
cell must possess sufficient minority carrier lifetime and crystalline
perfection to exhibit fully the enhancement in efficiency created by
the subsequent lithium diffusion.
The conventional P/N solar cell offered a number of built in advan-
tages which greatly simplified processing. Wafers could be prepared
for diffusion merely by mechanically removing the material damaged
in the ingot slicing process. Although this left a thin layer of
damaged material from the lapping operation, the diffusion of boron
using a source such as BC4- would etch off this layer of reduced
lifetime silicon and yield a highly efficient solar cell. In addi-
tion to this the diffused wafer was left with a surface deposit that
eliminated the need for an antireflecting coating.
These two advantages were gained at the cost of some stress being
introduced into the cell. During the time (pre-196U) that P/N cells
were the industry standard the cell was smaller (1x2 cm) and thicker
(1K30 - l*50u), and thus the manifestation of stress (cell bowing) was
only a slight problem. However, as silicon cells evolved into both
thinner (150 - 300|a) and larger area (2x2, 2x6 cm.) devices the
induced stresses caused by boron diffusions of this type became
intolerable. Due to the use of a different diffusion technique, this
was not a problem in the case of the N/P cell which is today's standard.
For the lithium cell to become competitive it is necessary that the
boron stress problem be minimized.
Over the years a variety of techniques have been developed in order
to boron diffuse silicon. The requirements for solar cells, namely
extremely high levels of boron doping and the ability to do large
numbers of cells in a single diffusion, are not typical for the rest
of the semiconductor industry. The more recent open tube techniques
employ either boron trichloride (BCjL), boron tribromide (BBr ) or
diborane (B H,-) as the doping agent. Normally this is done in an
oxidizing atmosphere to give reactions with silicon such as:
(1)
(2) 2BgO
These reactions yield a glassy layer composed of boric oxide and
silicon oxide.
Without an oxidizing atmosphere an etching reaction such as:
(3) teCjL + 3Si - > SSICJ^ + UB
takes place. This can cause pitting of the silicon surface since
silicon tetrachloride is volatile at typical diffusion temperatures
(1055°C). This type of reaction is also responsible for the etching
of silicon during diffusions.
The precise mechanism by which silicon is stressed during a diffusion
schedule is not completely understood. However, a number of vari-
ables seem to be influential. It is known that silicon demonstrates
7)plastic flow at temperatures above 800°C. The deformation occurs by
slip between (ill) planes in a [llo| direction.0' If silicon damaged
by wafer preparation were to be raised to an elevated temperature, the
stored elastic energy could propagate slip quite a distance into the
crystal. The formation of a boron silicide layer during deposition
could act as an additional mechanism for inducing stress since its
thermal coefficient of expansion is probably quite a bit lower than
that of silicon. Upon cooling, the thermal mismatch between the
silicon and the deposited layer could act to deform the silicon.
Additionally any thermal gradients across the wafer would also assist
in producing deformation.
Investigation of BBr_ rather than BCjL as a diffusion source was
undertaken. The cells produced using BBr_ were not high efficiency.
The BBr, was fairly successful in producing low stress cells, but a
number of problems caused us to reevaluate BC^ as a source. The
BBr,. gave inconsistent results from diffusion to diffusion with
respect to visual appearance and sheet resistance. Only a limited
number of wafers could be uniformly diffused, and the rapid deple-
tion of the liquid source made the process rather costly.
2.2.2 BC with
Work was performed using BCjL plus oxygen. A schematic of this
process is given in Fig. 1_. We had hoped to form stable B^O as
the local source at some point in the flow prior to reaching the
silicon wafers. Then the diffusion would proceed the same as a
standard run using BO, but with the advantage of being well con-
trolled since the gas flows could be tightly monitored. A series
of diffusions were made to determine if there was an optimum flow
rate for oxygen. Chemically polished cell blanks were used rather
than the conventional lapped wafers. Oxygen flow rates from 7 to
lUOO ml/min. were investigated. The diffusion schedule consisted
of an 8 minute preheat in nitrogen, followed by an eight minute
deposition step with BC#_, N and oxygen flowing. During this step
the BC-*^  and 0 should react to form B 0 which would deposit a
glass layer on the cell blanks. It was determined thermodynami-
cally, that this reaction would go to completion at the tempera-
ture used (1055°C). The last step was to drive the boron into
the silicon and this was done in nitrogen for 10 minutes.
At high oxygen flow rates (1000 ml/min.) the cells displayed a multi-
colored layer which could not be removed without removing silicon.
Low oxygen flow rates (< 20 ml/min.) yielded a hard, black deposit
upon the cells. It was found that this layer could be partially
removed by boiling in nitric acid, but the silicon surface beneath
this deposit was damaged. By using rates of ~ 80 ml/min. a trans-
parent glass layer was formed which could be removed in concentrated
HF
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These results can be explained if one assumes that at the very high
oxygen rates (> 1000 ml/min.) the boric oxide did not have sufficient
time to form within the furnace tube, thus allowing reactions to take
place between the silicon, nitrogen and chlorine. In the case of
very low oxygen flows we postulate that there may not have been
enough oxygen to cause the BO glass to completely form, thus giv-
ing a deposit very similar to BC£ and N alone. A typical deposi-
tion flow rate would be ~ 90 ml/min. of BC£ , 1200 ml/min. of N and
80 ml/min. of Op. Electrical evaluation of the silicon showed that
the sheet resistances ranged between 20 and 25 ohms/square. Although
this value is relatively high for our purposes, cells were fabricated
using the oxygen process.
These cells were 300 to 375n thick with a starting resistivity of
0.2 to 1.2 ohm-cm. Etched rather than lapped blanks were used,
since this process did not remove enough material to allow lapped
blanks, which have a layer of damaged silicon, to be employed. The
average open circuit voltage of this group was 590 mV, and the
series resistance typically measured ~ 0.8 ohms. Figure 2 shows
the maximum power distribution of 11 ^ cells produced in this manner.
o
The best cell made by this process had an output under I.kO mW/cm ,
25°C of 30.6 mW, equal to an efficiency of 11.5$.
This diffusion technique definitely reduces stress induced bowing,
and is reproducible. However, the cell output and sheet resistivity
is dependent upon the location of the silicon blanks in the boat.
We are still not able to diffuse large numbers of cells in a single
diffusion with BCA and oxygen. The amount of material etched using
the oxygen is very small. Measurements of cell thickness before and
after diffusion show no change in thickness within the limits of
this technique (< 10 -
2.2.3 BCj? with
Although the BCjL with oxygen gave reasonably good results, an al-
ternate scheme employing BC£ without 0 was re-examined. Assuming,
from our previous discussion, that the observed stress in BC4 with-
out O was related to the deposition step, we decided to perform a
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es of experiments to study the effect of deposition time on
stress.
In these tests the source deposition time was varied from 8 min-
utes down to 2 minutes. It was found that the sheet resistance
which ranged from 16.3 to 17.9 ohms/square did not change with
the boron deposition time. Even the 2 minute deposition time
resulted in a boron layer sufficient to produce an infinite source
and a good boron diffusion with measured sheet resistances of 16.3
and 17.1 ohms/square. Four out of eleven cells diffused with a 2
minute deposition had exceptionally good electrical characteristics
with outputs ranging from 31.0 to 33.2 mW and fill factors
f \P 'mPJ0f 0.752 to 0.765; however, seven of the cells had fill
factors less than 0.75 (ranging from 0.63^  to 0.7^ 6) and corres-
Oondingly lower outputs. The low fill factors were not confined
to cells in the 8-2-10 diffusion, but there was a higher percentage
of these poorer curve shape cells from the 8-2-10 diffusion. The
average short circuit currents of the cells diffused with 2 and 8
minute deposition times were 69.7 and 70.6 mA, respectively, a
difference of only 0.9 mA.. At ^00 mV the difference in current
for the two different deposition times was approximately 6 mA.
In the diffusions with the shorter deposition times the rounded
knee or low fill factor is believed to be caused by insufficient
etching of the cell surface, resulting in incomplete removal of
surface damage.
Figure 3 and Table 1 compares the best output cells from each
diffusion. The best cell with an 8 minute boron deposition time
has an output of 35.5 mW (measured at 25°C in a solar simulator at
O
1*<0 mW/cm ), a short circuit current of 71.9 mA, an open circuit
voltage of 626 mV, and a fill factor of 0.790. The best cell with
a 2 minute boron deposition had a lower short circuit current, 71.1
mA, and open circuit voltage, 609 mV; but even with these lower
values for short circuit current and open circuit voltage, the out-
put was 33-2 mW.
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Figure 3. Best Output Cells from BCA Diffusions with. Different Deposition Times,
1 ohm cm crucible grown P/N cells; measured in solar simulator at
mW/cm and 25°C.
- 11 -
2.2.U
Table 1
Electrical Characteristics of High Output P/N Cells
from Experiment Investigating Boron Deposition Time
Deposition time
(min. )
8
6
3-5
2
Tsc'
(mA)
71.8
70.5
70.5
71.2
Voc
(mV)
626
62k
621
609
Fill Factor
•790
• 795
.786
.765
P
max
(mW)
35-5
35-1
3k.k
33-2
Efficiency
(V
13.1
12.9
12.7
12.2
In another experiment a 2 minute boron deposition time was used for
a diffusion which included 0.00^ , 0.01^  and 0.017 inch thick 1 x 2 cm
blanks and 0.006 and O.Oik inch thick 2 x 6 cm blanks. Figure h
shows the placement of the cells on the boat. The 0.00^  inch thick
1x2 cm blanks were placed at each end of the boat to check for bow-
:ing effects. The 2 x 6 cm blanks were placed in the center arid the
0.014 and 0.017 inch thick 1 x 2 cm blanks were placed on both sides
of the 2 x 6 cm blanks. The O.OOV blanks at the front of the boat
(with respect to the gas flow) were bowed, while those at the back
werp not. The 0.01^  and 0.017" 1 x 2 cm blanks as well as the 0.006
&nd O.OlV 2 x 6 cm blanks were not bowed. This experiment showed
that BC-£ can be used in an oxygen-free ambient to produce relatively
stress-free thin and large area boron diffused cells.
Boron Drive-in
In the investigation of BC-& diffusions without oxygen which has been
described previously , the drive-in time was kept constant while the
boron deposition time was varied. In modifying the 8-8-10 diffusion
to an 8-2-10 diffusion, it was noted that the ratio of short cir-
p
cult currents measured in simulator (1*40 mW/cm ) and tungsten (100
P
mW/cm ) light sources was lower than the typical 1.15 to 1.18 ob-
tained with both P/N and N/P cells. These lower ratios observed
with the 2 minute deposition boron diffusion were due to short cir-
cuit current increases of 15 to 30$ under a tungsten light source
while short circuit currents measured in the simulator only in-
creased 10$.
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A lower simulator tungsten ratio can be caused by l) a deeper
junction, 2) a change in the built-in antireflection coating, or
3) improved lifetime. The first tvo cases would result in minor
changes in the red response relative to the blue response of the
cell, while the third case would result in a major increase in
the red response relative to the blue response.
It is probable that in the case of the 20 ohm cm Lopex material
which exhibited the lowest simulator tungsten ratios, improved
lifetime was primarily responsible. Higher resistivity silicon
exhibits higher lifetimes, and with the reduced stresses in the
boron diffusion the lifetime was maintained at a higher level.
The 1 ohm cm material did not show as much of an improvement
since its initial lifetime is lower.
A slightly deeper junction in the 20 ohm cm material could also
account in part for the difference in simulator tungsten ratios.
Background resistivity influences the junction depth, such that for
the same diffusion time, deeper junctions will occur in higher
resistivity silicon. Therefore, the drive-in time of the boron
diffusion was varied to determine whether 10 minutes was optimum
for 20 ohm cm silicon. An 8-2-5 diffusion was used and the short
circuit for twenty cells averaged 73-1 mA which was 2 mA higher
than the average short circuit current obtained with"8-2-10
diffusions. The simulator tungsten ratio increased from an average
of 1.06 for 8-2-10 diffused cells to l.lU for 8-2-5 diffused cells.
The 8-2-5 diffusion was not optimum, however, since the lithium
cells fabricated using these boron diffusion parameters had poor
curve factors. Drive-in times between 5 and 10 minutes have not
yet been tried, but will probably yield the best results.
2.2.5 Conclusions
As a result of the diffusion experiments we concluded, on the
basis of power output, that BC-^3 without Q would give us better
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results provided that a short deposition step was employed.
Figure 2_ shows a comparison between this diffusion schedule
using a two minute deposition and BC^ and oxygen diffused cells
vhere an eight minute deposition step was employed. There was
little difference between the two processes as far as repro-
ducibility and numbers of cells that could be diffused in a single
run. Although there was some stress with BC^ without oxygen,
the advantage gained from lower sheet resistance values more
than compensated for this.
The short deposition step has resulted in a basic change in our
blank preparation. Chemically etched, rather than lapped finish
cells, were used since the brief deposition time does not remove
significant amounts of silicon from the blank. The diffusion
temperature of 1055°C was kept fixed during this program, but
as described in previous sections the diffusion schedule was
varied. Although a two minute deposition step gave the best
results, we were not able to identify an optimum drive-in time.
In general an 8-2-10 boron diffusion schedule gives adequate
results for lithium cell fabrication. It is not implied that
this represents the optimum conditions for our boron diffusions.
Further work of a more detailed nature will be necessary to
establish the best boron diffusion conditions for achieving
maximum efficiency from lithium doped P/N solar cells.
2.3 LITHIUM CELL OUTPUT
2.3.1 Effect of Boron Deposition Time
Once reduced stresses were obtained on P/N cells by decreasing
the boron deposition time, the effect of this process change on
lithium cell output was investigated. Experimental lithium
diffusions were performed using 20 ohm-cm Lopex silicon material
which had been boron diffused using both 2 and 8 minute boron
deposition times. Both groups were placed in the same lithium
diffusion. The electrical characteristics of these cells are
summarized in Table 2 . The I of the lithium cells subjected
sc
to the 2 minute boron deposition averages 11 mA higher when
measured in a solar simulator (AMD) than lithium cells subjected
to an 8 minute boron deposition time. Figures j[ and 6_ show the
I distribution obtained in the two light sources for the two
sc
groups of cells (20 cells per group). These distributions show
that lithium cells fabricated using a two minute boron deposition
exhibit not only higher, but more uniform short circuit currents.
The short circuit distribution shown in Figure 2. further demon-
strates this uniformity. The distribution was generated from
five groups of cells fabricated for Lot 11. Five sets of
diffusion parameters were used (3 hours at 3**0°C, 7 hours at
3kQ°C, 5 hours at 350°C, 3 hours at 360°C, and 7 hours at 3608C)
and the short circuit currents of cells in all five groups
typically ranged from 67 to 73 mA. This is a considerable im-
provement over previous lithium cell lots exhibiting short circuit
ranges as great as 16 mA delivered during Part 1 of this contract.
In addition to the higher short circuit currents obtained for
lithium cells subjected to a two minute boron deposition, open
circuit voltages (measured at 25°C) as high as 6l5 mV were ob-
tained. The highest open circuit voltage observed for lithium cells
subjected to an 8 minute boron deposition was 595 "iV.
The higher short circuit currents and open circuit voltages led
to 10 to 15$ higher Lopex lithium cell AMD outputs, as shown
in Figure Q. The cells used for Curve B had the same Li diffusion
as one of groups of cells in Lot 11 (Curve A); however, the output
was much lower and very similar to cells diffused 90 minutes and
redistributed 120 minutes at l£5°C (Curve C). Both B and C cells
had 8-8-10 boron diffusions while A cells had an 8-2-10 boron
diffusion.
Using the 8-2-10 boron diffusion for crucible grown lithium cells
- 16 -
TABLE II
Electrical Characteristics of Lithium Doped P/N Cells
Two vs. Eight Minute Boron Deposition
20 Cells per Group
Boron Deposition
Two Minutes Eight Minutes
Isc ^ T*^
mA
I (AMO)
mA
V » roV"'"
oc
output (AMO)
mW
Range
Median
Range
Median
Range
Median
Range
Median
63.5-66.0
65.0
69.0-71.0
70, k
571-612
595
27.6-31.7
29-5
1*8. 0-59.0
51.0
60.0-66.0
63.7
552-595
578
23.6-28.8
26.5
^Measured in a tungsten light source at an intensity of
100 roW/cm2.
+Measured at 25°C.
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resulted in more uniform short circuit currents, but the improve-
ment in output vas not as significant since crucible grown lithium
cell outputs vere always so much better than float zone and Lopex
lithium cell outputs. Therefore, as a result of the modified
boron diffusion crucible grown cell outputs are slightly higher
and more uniform, and Lopex lithium cells can now be made with
outputs as high as crucible grown cells. It should be mentioned
that crucible grown silicon does offer the advantage of lower cost.
2.3.2 Effect of Oxygen on Lithium Cell Output
Oxygen concentration is an important factor in recovery rate of
lithium cells after irradiation. Therefore, an experiment to
evaluate the performance of crucible grown lithium cells with
various oxygen concentration levels was done. Three ingots were
grown. An effective seed rotation rate of 80 r.p.m. was used to
grow an ingot of 1.5 "to 2 inch diameter. This was expected to have
the highest oxygen concentration since oxygen concentration increases
with rotation rate and crystal diameter. ' The second ingot
was grown with the same rotation rate, a smaller diameter, l-l/l(-to
1-1/2", and a fast pull rate. The fast pull rate was used to
minimize the amount of oxygen dissolving into the silicon from
the crucible; and the smaller crystal diameter would also reduce
the oxygen concentration. The third ingot, ~ 1-1/V diameter, was
grown with an effective seed rotation of 10 r.p.m. to further
reduce the oxygen concentration. Slices from the top, center,
and bottom sections of all three ingots were kept separate. Cells
were made using a three hour lithium diffusion at 375°C. As shown
in Figure ^, cells fabricated from the two ingots with rotation of
80 r.p.m. had similar outputs, 28 to 33 mW and 28 to 3^ mW, with
cells from the top sections having the highest output. The third
ingot showed particularly low outputs, 18 to 2h mW. No improve-
ments in cell output were obtained by varying the growing procedure
for crucible grown silicon; however, these variations may influence
- 22 -
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the radiation recovery characteristics.
2.3.3 Effect of Time and Temperature
During Part I of this contract the best cell outputs were ob-
tained using eight hour lithium diffusions at 325°C. However,
radiation work and capacitance measurements by RCA and TRW
indicated that these lithium diffusion parameters resulted in
large variations in both the lithium density gradient at the junction
and the cell's radiation recovery characteristics. Their prelim-
inary measurements of cells diffused 3 to h hours around 350°C indi-
cated that these cells had more uniform lithium concentrations
and recovery characteristics. Consequently, diffusion times
and temperatures used for the majority of the lithium cells fabri-
cated during this contract (see Appendix for maximum power and
short circuit current distributions for individual lots) ranged
from two to seven hours between 3^0 and 380°C.
Temperature and time variations in this range did not result in
any large differences in cell output. For example, crucible
grown lithium cells fabricated for lots 15, 16 and 17 which were
lithium diffused 3 hours at 350°C, and 2 and 3 hours at 370°C,
respectively, all exhibited outputs (before sintering) ranging
from 26 to 33 mW. In all three of these groups 80$ of the cells
had efficiencies of 10.5$ or better. All the Lopex lithium cells
fabricated for Lot 11 also exhibited similar ranges in output,
in spite of the fact that six different sets of lithium diffusion
parameters ranging in time from 3 to 7 hours and in temperature,
from 3^0 to 380°C were used. Table 3 shows the median and range
in output (after sintering) for each group. They all fall
within 29 to 35 mW, with the 7 hour diffusion at 360°C and the
k hour diffusion at 380°C showing the largest spread in output.
TABLE 3
OUTPUT AND EFFICIENCY OF LOPEX LITHIUM CELLS (SINTERED)
FABRICATED FOR LOT 11
Li Diffusion Output, mW Efficiency, %
Time Temp. Median Range Median Range
I- 3 hr. 3Uo°C 32.5 30-3^  12.2 11.3-12.8
2. 7 hr. 3ljO°C 31-8 30-3^  H.9 11.3-12.8
3. 5 hr. 350°C 32.3 30-33-5 12.1 11.3-12.6
lu 3 hr. 360°C 31-5 30.5-3^  11-8 11.5-12.8
5. 7 hr. 360°C 31.5 29-3*f n.8 10.9-12.8
6. k hr. 380°C 31.5 29-35 H.8 10.9-13.1
Lithium diffusion parameters discussed above resulted in ef-
feciencies of 10.5$> or better for 80$ of both crucible grown
and Lopex lithium cells. It appears from this work that cell
output is less a function of any specific lithium diffusion
parameters than of factors such as boron diffusion variables and
Contact characteristics.
2.3.^  Lithium Application
Two methods of lithium application have been investigated and used:
l) painting metallic lithium suspended in mineral oil on the cell
blanks, and 2) evaporating lithium. For small quantities the time
required for evaporation is about twice that required for painting
on the lithium, and since most of the lithium diffusions performed
during this contract included only 20 to 30 cells per diffusion,
the paint-on technique was used. Previous work had indicated
that evaporation of lithium rather than painting it on did not
influence the sheet resistances measured after lithium diffusion
and that its effect on output was minor.
Investigation during this portion of contract was limited, there-
fore, to additional comparison of the methods in fabricating cells
for Lot 11, and sole use of evaporation for lithium application on
Lots 15, 16 and 17.
As anticipated from previous comparison of lithium evaporation
and lithium paint-on, there was no difference in sheet resis-
tances of Lot 11 cells as a function of lithium application.
Evaporation of lithium for Lots 15, 16 and 17 did not present
any problems in achieving low sheet resistances and high
electrical output. Sheet resistances ranged from 1-9 to 3-^ ohms/
square and outputs ranged from 27-0 to 33-0 mW.
Although evaporation of lithium, rather than painting it on, did
not produce any significant differences in sheet resistances and
cell output, capacitance measurements done by RCA have shown that
lithium evaporation produces more uniform lithium density gradients.
Since both RCA and TRW have correlated lithium concentration at the
junction and lithium density gradients to the radiation recovery
12/Characteristics of lithium cells, it is apparent that control
of the lithium at the junction is the key to the post-irradiation
performance of lithium cells. For this reason, lithium evapora-
tion is superior to painting on a lithium mineral oil suspension
and from the standpoint of volume fabrication of lithium cells it
is the logical choice.
CONTACTS
Sintering of the contacted cell was investigated to determine its
effect upon the curve factor which for some cells was below 0.70.
Sintering consisted of a heat treatment at 605°C for six minutes
in a Rn atmosphere. In most cases the sintering improved the
curve factor slightly; in addition the AMO short circuit current
of lithium cells subjected to a two minute boron deposition time
increased 3 to 5 mA with sintering. Typically improvements of
10 to 25 mV in open circuit voltage were also observed. These
improvements in curve factor, open circuit voltage, and short circuit
- 26 -
current resulted in AMD outputs of Lopex lithium cells which were
1 to k mW higher than the unsintered cell output. Figure 10 shows
I-V curves of a typical cell before and after sintering. The open
circuit voltage increased 25 mW, 600 to 625 mV; the short circuit
current increased 3 mA, 71.5 to 7^ .5 mA; the curve factor increased
from .706 to .721; and the output increased 3-3 mW, 30.3 to 33.6 mW.
Lot 17 cells were fabricated from crucible grown silicon using a
lithium evaporation with a lithium diffusion of 3 hours at 370°C.
The majority of the cells which were sintered exhibited the same
improvements described above; however, 5 to 10$ of the cells exhibited
open circuit voltages 10 to kO mV lower than the pre-sintered value,
(Figure 11). Since this occurred with the last lot of cells
delivered to JPL, the problem has not been investigated further and,
consequently, no conclusions can be made on whether to include sin-
tering as a process in fabrication of lithium cells.
In order to evaluate Ti-Ag contact integrity, lithium doped P/N
cells were subjected to humidity and peel testing. The humidity
test consisted of exposing lithium cells with soldered contacts
to 30 days of 90% relative humidity at k5°C. The cells were
P
measured at 25°C in 100 mW/cm tungsten light source before and
after thirty days of humidity exposure. The cells exhibited 2.5
to 3-5$ short circuit current degradation, 0 to 2$ current degrada- '
tion at U50 mV, and no open circuit voltage degradation. Peel
tests were performed on these same cells after humidity exposure.
The test consisted of soldering wires to both front and back con-
tacts and pulling at a 90° angle to the cell surface until contact
failure. The ten samples all exhibited peel strengths of 500 to
1000 grams for both front and back contacts.
A tape peel test is also used to test contact integrity on un-
soldered cells. Scotch brand adhesive #610 is applied to both
front and back surfaces of the cells. If the contacts are weak
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Figure 10. i-v Characteristics Curves of a Typical Lithium Cell Before and
After Sintering.
Intensity).
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they vill peel off with the tape. This test was used on all
lithium cells fabricated and the failure level was less than
five percent.
- 30 -
3.0 CONCLUSIONS
Based upon more uniform electrical characteristics and lower cost,
BC?,. rather than BBr. should be used for the boron diffusion source.
*'3 3
A short deposition time using BCig without oxygen produced the best
combination of reduced stresses and high efficiency. BC/ with 0^
eliminated stresses but, the diffusion process has not been de-
veloped to the point where outputs are comparable to those obtained
without 0 . From a standpoint of minimized stress, either process
can be used to diffuse 2x2 and 2 x 6 cm cells as thin as 150(i.
Use of BC; with 0 or a short deposition cycle for BC^ without
0 , reduces or eliminates any etch reaction during boron diffusion.
Consequently chemically polished rather than lapped blanks must be
used. Neither boron diffusion process investigated during this con-
tract can yet be used for large volume processing.
The short deposition boron diffusion reduced stresses sufficiently
so that higher post diffusion lifetimes were observed, particularly
in the case of lithium cells fabricated from Lopex silicon; as a
consequence, Lopex lithium cells can be fabricated with outputs
equivalent to crucible grown lithium cells. The short circuit
currents are also more uniform (6 to 8 mA spread) whereas, prior to
this diffusion modification, the short circuit current varied as
much as 10 to 16 mA within a lot.
Lithium evaporation produces sheet resistances and outputs similar
to those obtained with the paint-on method of lithium application.
It is the logical lithium application technique for large volume pro-
cessing. Lithium diffusions without redistribution give uniform
output cells. Variations in lithium diffusion time (2 to 7 hours)
in the temperature range of 3^0 to 380°C do not change either Lopex
or crucible grown lithium cell outputs drastically. Both have
outputs of 26 to 33 mW with Qo% of the cells above 28.0 mW (10.5$
efficiency).
- 31 -
Sintering increased Lopex lithium cell outputs (Lot ll) from
a range of 26 to 33 mW to a range of 29 to 35 mW. In most
cases the results were the same for crucible grown lithium cells;
however 5 to 10$ of the cells in Lot 17 showed 10 to hQ mV losses
in open circuit voltage after sintering. Therefore, conclusions
cannot yet be made on whether sintering should be included in the
fabrication sequence.
Humidity testing of 10 soldered samples at h^°C and 90% relative
humidity for 30 days resulted in 0 to 2% degradation (measured
o
in 100 mW/cm tungsten light source) in current at h^O mV. Peel
tests consisting of soldering wires to both front and back contacts
and pulling at a 90° angle to the cell surface until failure were
performed on the same cells after humidity exposure. All cells
exhibited peel strengths ranging from 500 to 1000 grams, which is
comparable to peel strengths obtained for N/P cells.
- 32 -
. 0 RECOMMENDATIONS
The superior performance in radiation environments of lithium doped
P/N cells has been adequately demonstrated. Based upon the general
trend of lithium doped P/N cells with respect to cell efficiency
and contact integrity, as well as our ability to fabricate these
cells in sizes and thicknesses typically used for space missions
we recommend a pilot production program to produce these cells
in quantity.
Further investigation of BC£ with 0 is recommended in order to
obtain cell efficiencies comparable to those obtained without Op.
Presence of Op eliminates the etch reaction which occurs when
BCjg_ is used without Q and this would tend to eliminate nonuniform
surface characteristics, which have been more of a problem with
the reduced deposition time boron diffusion (without 0_). Varying
the deposition and drive-in time should be a major part of this
investigation. This work should also include investigation of
scale-up, so that the boron diffusions would not be limited to
10 to 20 cells per diffusion. Use of a distribution tube and a
mixing chamber, gas flow rates, and boat design are some of the
items which should be studied for scaling up the boron diffusion.
The BC4 diffusion without 0 with a two minute boron deposition
presently yields the best efficiency lithium cells; it should be
studied further to optimize the drive-in time, since this work was
not completed during this contract.
Evaporation is the logical method of lithium application for pro-
cessing large quantities of cells and, therefore, problems involved
in scale-up of this process should be investigated.
The influence of cell thickness on lithium density gradients should
also be studied since it is unlikely that the gradient would be
the same for 150n thick cells as 300(1 thick cells, when the
diffusion parameters are kept constant. This work should include
- 33 -
varying the diffusion time with cell thickness in order to cor-
relate times which would give equivalent junction characteristics
in terms of lithium concentration and gradient. Capacitance
measurements could be a valuable tool in this work.
Sintering, which during this contract produced variable results
in terms of changes in open circuit voltage, should be investigated
further to determine whether it should be included as a process in
fabricating lithium cells. Part of this work should include
capitance measurements in order to evaluate any changes which occur
in the lithium density gradient and lithium concentration at the
junction, since changes in these characteristics would influence
the radiation recovery of lithium cells.
- 3U-
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